The cell surface organelle called the cilium is essential for preventing kidney cyst formation and for establishing left-right asymmetry of the vertebrate body plan. Recent advances suggest that the cilium functions as a sensory organelle in vertebrate cells for multiple signaling pathways such as the hedgehog and the Wnt pathways. Prompted by kidney cyst formation in tuberous sclerosis complex (TSC) patients and rodent models, we investigated the role of the cilium in the TSC-target of rapamycin (TOR) pathway using zebrafish. TSC1 and TSC2 genes are causal for TSC, and their protein products form a complex in the TOR pathway that integrates environmental signals to regulate cell growth, proliferation and survival. Two TSC1 homologs were identified in zebrafish, which we refer to as tsc1a and tsc1b. Morpholino knockdown of tsc1a led to a ciliary phenotype including kidney cyst formation and left -right asymmetry defects. Tsc1a was observed to localize to the Golgi, but morpholinos against it, nonetheless, acted synthetically with ciliary genes in producing kidney cysts. Consistent with a role of the cilium in the same pathway as Tsc genes, the TOR pathway is aberrantly activated in ciliary mutants, resembling the effect of tsc1a knockdown. Moreover, kidney cyst formation in ciliary mutants was blocked by the Tor inhibitor, rapamycin. Surprisingly, we observed elongation of cilia in tsc1a knockdown animals. Together, these data suggest a signaling network between the cilium and the TOR pathway in that ciliary signals can feed into the TOR pathway and that Tsc1a regulates the length of the cilium itself.
INTRODUCTION
Protruding from the cell surface into the environment, the cilium is ideally situated to function as an antenna for the cell. In vertebrate cells, the cilium is almost ubiquitously present and multiple signaling receptors, including PDGFRa and G protein-coupled receptors, have been localized to the cilium (1 -3), suggesting a unique role of the cilium in mediating extra-cellular signals to downstream pathways. In agreement with a sensory role, recently, the cilium has been linked to a growing list of signaling pathways such as the hedgehog and the Wnt pathways (4 -11) .
Intraflagellar transport (IFT) is a process involved in ciliary assembly and maintenance, which delivers and recycles ciliary components into and out of the cilium, respectively (12) . IFT was originally observed in the flagella of the green algae, Chlamydomonas (13) , and its significance with regard to ciliary formation and function was realized when a Chlamydomonas homolog of the IFT particle polypeptide ift88/polaris was linked to autosomal-dominant polycystic kidney disease (ADPKD) in mice (14, 15) . These studies demonstrated that defects in cilia formation and function on renal epithelial cells lead to cyst formation. Consistent with an important signaling role of the cilium in vertebrate systems, defects in ciliary formation or function can also lead to early developmental deficiencies, most notably abnormal left -right asymmetry of the body plan (16 -18) . In addition, defects in IFT in mice have also been implicated in aberrant Hedgehog signaling, resulting in abnormalities in neural tube patterning and limb development (7, 8) .
Kidney cysts, which are epithelium-lined and liquid-filled sacs, are thought to result from the over-proliferation of renal epithelial cells and are hallmarks of PKD (19) . Importantly, the cilium seems to be at the center of PKD. Multiple PKD genes, such as PKD1, PKD2, INVERSIN and BardetBiedl syndrome genes, have been linked to the cilium directly or indirectly (reviewed in 20) . Conversely, mutations disrupting cilia formation and/or function in the kidney almost inevitably lead to kidney cyst formation. These results led to the cilium model of PKD, which postulates that cilia on renal epithelial cells transduce an anti-proliferative signal into cells (12, 21) . Ciliary defects can therefore lead to cell over-proliferation and eventually kidney cyst formation. However, the downstream molecular pathways responsible for such cilium-mediated cell proliferation is still not fully understood.
Intriguingly, in addition to PKD, kidney cyst formation is also frequently seen in another disease, tuberous sclerosis complex (TSC), an autosomal-dominant genetic disorder characterized by benign tumors that develop in numerous organs (reviewed in 22) . Mutations in a single allele of either the TSC1 or TSC2 gene lead to TSC. However, it is believed that the development of the disease requires somatic inactivation of the second wild-type TSC allele (23) . The role of TSC genes in kidney cyst formation is also supported by the Eker rat model, which carries a germline mutation in one allele of Tsc2 and develops early onset PKD (24, 25) . Furthermore, in humans, large deletions removing both the TSC2 gene and the adjacent PKD1 gene have been found in PKD patients with more severe and early onset symptoms (26) .
The Tsc1 (also known as Hamartin) and Tsc2 (also known as Tuberin) proteins play a well-defined role in the target of rapamycin (TOR) pathway: they form a heterodimer that can negatively regulate the TOR kinase and eventually regulate cell growth, proliferation and survival (reviewed in 27).
Given the critical role of the cilium in PKD, the observation of kidney cyst formation in TSC raises an interesting question: whether the cilium plays a role in the TSC -TOR pathway. To date, the role of the Tsc genes during development remains not fully analyzed. Both Tsc1 and Tsc2 are essential genes as mouse knockouts die at embryonic day 10.5 with an open neural tube phenotype (28, 29) . Such early lethality precludes the analysis of kidney cyst formation in these mouse knockout models, and the status of laterality in TSC mutants is also unclear. However, emerging evidence supports a functional link between the cilium and the TSC/TOR pathway. For example, studies in mouse and tissue culture suggest that PKD1, a causal gene for ADPKD, interacts with the TSC1 -mammalian TOR (mTOR) pathway (30, 31) . Intriguingly, rapamycin, an inhibitor of mTOR, can delay cyst progression in rodent PKD models (30) .
Based on the above evidence, we postulated that the cilium may regulate the TSC -TOR pathway. We tested our hypothesis by examining tsc1 loss-of-function phenotypes and the status of the TOR pathway in available ciliary mutants in the zebrafish model system. Multiple ciliary mutants have been isolated in previous genetic screens in zebrafish (17, 32) . Notably, reduction of multiple IFT genes, which encode components of IFT particles (12, 13) , leads to kidney cyst formation, laterality defects and ventrally curved body axes (17, 18) . Here, we show that (i) knockdown of tsc1a in zebrafish leads to phenotypes characteristic of ciliary mutants; (ii) tsc1a genetically interacts with IFT genes; (iii) the TOR pathway is up-regulated in ift morphants (knockdown animals generated by injection of anti-sense morpholino oligo), similar to that observed in tsc1a morphants, and the Tor inhibitor rapamycin can inhibit cyst formation in ift mutants and (iv) cilia are abnormally long in tsc1a morphants.
Together, these data suggest the existence of an interactive network between the cilium and the TOR pathway, as ciliary signals can regulate the TOR pathway whereas Tsc1a is involved in cilia length control.
RESULTS

There are two TSC1 homologs in the zebrafish genome
To analyze tsc1 function in zebrafish, we BLAST searched the zebrafish-annotated genome database (VEGA) and the NCBI EST and non-redundant databases for Tsc1 homologs. We identified two Tsc1-like genes, located on chromosomes 5 and 21, which we hereafter refer to as tsc1a and tsc1b. The genes encode predicted proteins of 126 and 137 kDa that are 44% identical with each other. They share 36 and 44% sequence identity, respectively, with the human hamartin (TSC1) protein. BLAST searches of mammalian databases with either protein yielded TSC1 as the top hit, supporting the idea that both are orthologs of TSC1. As there are two orthologs in fish, we will refer to the fish proteins as Tsc1a and Tsc1b, instead of hamartin. This finding raises a possibility that the cellular functions associated with mammalian Tsc1 are partitioned between two Tsc1 homologs in zebrafish.
To assess the conservation of the TOR pathway in zebrafish, we performed blast searches for other components of the TOR pathway using the Zv7 assembly of the zebrafish genome. In addition to the previously known homologs of S6K, rictor, raptor and TOR (33) , single homologs for Tsc2 and Rheb were identified (data not shown).
Knockdown of tsc1a leads to kidney cyst formation and body curvature in zebrafish
To study the function of tsc1a and tsc1b in zebrafish development, we designed morpholino oligonucleotides against the translational initiation site of either Tsc1a or Tsc1b (AUG morpholino). About 0.25 -0.50 pmol of oligo was injected into 1 -4-cell stage embryos. Knockdown of Tsc1a produced phenotypes similar to those seen in multiple known cystic kidney mutants, including three ift mutants (17) (Fig. 1A and B). More specifically, the tsc1a morphant embryos exhibited a ventral-directed body curvature (69%) and bilateral cysts (51%, n ¼ 132) located within the tubular/glomerular region of the pronephros. The tsc1b morphant embryos, in contrast, developed curved bodies, but lacked kidney cysts (see Supplementary Material, Fig. S1 ). We therefore focused our analysis on the tsc1a morphants. To verify the specificity of the tsc1a morpholino, we first tested a control morpholino with five mismatched bases. This control oligo was much less potent in producing the body curvature and kidney cyst phenotype (2% cysts and 9% body curvature). To further test the specificity of the observed phenotypes, we injected a morpholino blocking a splice site in tsc1a and found that it generated a similar cystic kidney and body curvature phenotype (data not shown). RT -PCR confirmed that the Tsc1a transcript was disrupted, whereas tsc1b transcript levels were unaffected (Fig. 1C) , verifying that the phenotype observed is a specific consequence of tsc1a knockdown. We further analyzed the cystic kidney phenotype of the tsc1a morphant in detail. In histological cross-sections through the glomerulartubular region, large cysts are apparent in the tsc1a morphant embryo (Fig. 1D, E and H) . In more posterior regions, dilation of the pronephric duct lumens is evident, compared with wildtype embryos (Fig. 1F-H ). In addition, electron micrographs of cross-sections taken through the mid-pronephric duct also show luminal expansion in tsc1a morphants ( Fig. 1I and J) . This defect was accompanied by what appeared to be a decrease in the density of microvilli. To verify this, we counted the number of intact microvilli in EM cross-sections of both wild-type and tsc1a morphant kidney ducts and found an average of 45 and 47, respectively (n ¼ 5 each), with no significant difference (P ¼ 0.73). These results indicate that the number of microvilli does not change significantly, despite the increase in the volume of the duct lumen. The phenotypic similarities between tsc1a morphants and ift mutant embryos, together with the previously appreciated link between IFT and the cilium and Tsc1's regulatory role in growth and proliferation, suggest that there may be a functional connection between the cilium and Tsc1.
Tsc1a is required for the establishment of left -right asymmetry of the body plan Another hallmark of ciliary defects is the abnormal left -right asymmetric body plan, which has been observed in both human patients as well as in mouse and zebrafish models (18,34 -39) . Accordingly, we next investigated whether reduced levels of Tsc1a would produce laterality defects. To test for this, we performed in situ hybridization for cmlc2 (cardiac myosin light chain 2), which is expressed in atrial and ventricular cardiomyocytes in the developing heart (36). In wild-type control embryos at 26 hours post fertilization (hpf), cmlc2 expression was found on the left side of the embryo 100% of the time ( Fig. 2A and Table 1 ), but only 64% of the tsc1a morphant embryos showed left-sided expression ( Fig. 2A and Table 1) , with the remaining 36% shifted more centrally, suggesting that heart jogging was disrupted in some of these embryos. To further narrow down the stage at which tsc1a affects laterality, we examined the expression domain of southpaw by in situ hybridization. southpaw encodes a nodal-related protein in zebrafish and is the earliest known marker for asymmetry in zebrafish. In control embryos, southpaw is correctly expressed on the left side of embryos 87% of the time (Fig. 2B ), and either right or bilateral 2% of the time each, or absent 9%. In contrast, in tsc1a morphants, southpaw expression was observed on the left 29% of the time, right 20%, bilateral 27% and absent 24% of the time (Fig. 2B, tsc1a and Table 1 ), suggesting that tsc1a functions upstream from southpaw, in a process closely associated with ciliary functions.
tsc1a genetically interacts with IFT genes
The phenotypic similarities between tsc1a morphants and known ciliary mutants in zebrafish suggest that these genes may function in a common cellular process. Partial knockdown of a key component in a cellular pathway often generates a sensitized genetic background, and in such a background, disruption of other components in the same pathway will lead to a synergistic effect. We thus specifically tested whether suboptimal doses of the tsc1a morpholino and an IFT morpholino could synergize with each other. Low doses of morpholinos to tsc1a, ift81 or ift172 were injected into wild-type embryos at concentrations that would result in low frequency, low severity phenotypes. Embryos were then co-injected with similar doses of tsc1a morpholinos in combination with either of the two ift antisense oligonucleotides. At 2 days post fertilization (dpf), embryos were scored for the presence of pronephric cysts. Embryos injected with single, low-dose morpholinos (0.25 pmol) exhibited a mild cystic kidney phenotype, i.e. 17% of the tsc1a embryos had cysts [ Fig. 3A and C (n ¼ 3, with 151, 58 and 67 embryos), and B and C (n ¼ 3, each with at least 49 embryos), tsc1a]. Similarly, the frequency of cysts in the ift samples was 9% [ Fig. 3A and C (n ¼ 3, with at least 70 embryos per sample) and B and C (n ¼ 3, with at least 57 embryos per sample), ift]. When the same doses of morpholinos were combined (i.e. tsc1a with ift81 or ift172), a dramatic increase in the frequency of cysts [58 and 57%, respectively, Fig. 3C (n ¼ 3, with at least 72 embryos per sample)] was observed in both groups, suggesting a synergistic rather than an additive effect ( Fig. 3A and B, tsc1a/ift; Fig. 3C, both) . In addition to the increased frequency of pronephric cysts, the co-injected embryos exhibited a more pronounced body curvature phenotype ( Fig. 3A and B, tsc1a/ift). To further rule out the possibility that the synergistic effect was caused by an increased amount of morpholino oligo used in double-injected samples, we co-injected the tsc1a morpholino together with a standard control morpholino. Results showed that the inclusion of the control morpholino did not affect the phenotype significantly. Specifically, 11.4% of the embryos showed kidney cysts when injected with 0.17 pmol of tsc1a Table 1 ). (B) southpaw is primarily expressed in the left lateral plate mesoderm in wild-type embryos but is randomly distributed in tsc1a knockdown embryos. Dorsal view showing WT or tsc1a embryos at the 20 somite stage. spaw, southpaw. In southpaw samples, 'center' refers to bilateral signal. morpholino alone, whereas 10.5% showed kidney cyst when injected with tsc1a morpholino in combination with the control morpholino (n ¼ 3, each with at least 24 embryos, P ¼ 0.72). Together, these findings provide genetic evidence that tsc1a may function in a similar pathway as ift genes.
Tsc1a is localized to the Golgi complex
The close association between the cilium and Tsc1a suggests that Tsc1a may function from the cilium. To determine the subcellular localization pattern of Tsc1a in zebrafish embryos, we developed polyclonal antibodies against Tsc1a. Two regions of Tsc1a corresponding to amino acids 580 -736 and 980-1108 were fused to maltose-binding protein (MBP) in two different constructs. Recombinant proteins were generated in bacteria and used to generate polyclonal antisera (Tsc1-1 and Tsc1-2). The antisera were subsequently purified via affinity purification. On immunoblots, both antibodies recognize a 127 kDa band in wild-type samples. This signal is greatly diminished in lysates prepared from tsc1a morphant embryos (a western blot using the Tsc1-1 antibody is shown in Fig. 4A ). Immuno-staining experiments using the Tsc1-2 antibody revealed that Tsc1a is ubiquitously expressed throughout the embryo (Fig. 4B) . The staining signal is greatly reduced in tsc1a morphants (Fig. 4C) , verifying the specificity of the antibody. It has been previously reported that Tsc1 localizes to the centrosome in cell culture (40) . To determine whether Tsc1a associates with the centrosome or the cilium, we performed immunofluorescence experiments on day 1 wild-type embryos using the Tsc1-2 antibody and antibodies to g-tubulin, which labels the centrosome, or acetylated tubulin, which labels the cilium. We found no obvious overlap between g-tubulin and Tsc1a in the pronephric duct (Fig. 4D) . In addition, Tsc1a localization to the cilium is below detection (data not shown).
The subcellular distribution pattern of Tsc1a resembles the Golgi complex. We therefore tested whether it is indeed localized to the Golgi. We used embryos from two different time points: the blastula stage and 48 hpf. We labeled the cis-Golgi using an antibody against one of its structural components, gm130, and found that in embryos at the blastula stage, it largely overlaps with Tsc1a (Fig. 4E) . In the pronephric duct at 48 hpf, we found a similar pattern (Fig. 4G ). This pattern of overlap is common throughout the embryo (data not shown), suggesting that the Golgi complex may be a primary site for Tsc1a function. To further verify that Tsc1a localizes to the Golgi, wild-type blastula stage embryos were incubated with brefeldin-A (BFA) in 1% dimethyl sulfoxide (DMSO) or 1% DMSO alone for 60 min. BFA blocks vesicle transport from the ER to the Golgi and eventually leads to Golgi dispersal (41) . In DMSO-treated embryos, Tsc1a partially overlapped with gm130 in a perinuclear pattern similar to that seen in untreated embryos (Fig. 4E) . A 60 min 15 mg/ml BFA treatment, however, caused both the gm130 and Tsc1a signals to disperse throughout the cytoplasm of the cells, often in an overlapping pattern (Fig. 4F) , providing further support that the Tsc1a protein is in part associated with the cis-Golgi. Treatment with BFA, however, did not phenocopy the tsc1a morphants because embryos treated at the shield stage with 50 mg/ml BFA all died by day 2, indicating that lack of an intact Golgi has more severe consequences than the absence of Tsc1a alone.
The TOR pathway is up-regulated in zebrafish tsc1a morphants and ift morphants Tsc1 plays a critical role in growth and proliferation control through suppressing the TOR pathway. As ift mutants show very similar phenotypes as tsc1a morphants, we asked whether the TOR pathway is aberrantly activated in ift mutants. Multiple markers can be used to interrogate the status of the mTOR pathway. For example, elevated mTOR activity leads to phosphorylation and activation of p70S6K, which subsequently phosphorylates S6 and leads to an increase in ribosome biogenesis (42 -44) , whereas levels of IRS1 drop due to a negative feedback loop induced by elevated mTOR activity (45, 46) . We compared the protein levels and phosphorylation levels of key TOR components in wildtype, tsc1a and ift172 morphant embryos. As expected, the TOR pathway is activated in tsc1a morphants (Fig. 5A) . Excitingly, ift morphants show a similar change. Western blots performed on 28 hpf embryo lysates revealed that, in tsc1a and ift172 morpholino-injected samples, phosphorylation of the TOR effector p70S6K (Pp70S6K), was increased, whereas the level of total p70S6Kwas unchanged (Fig. 5A) . Providing further support for an up-regulation of the TOR pathway, levels of IRS1 were reduced in these same samples when compared with uninjected controls Figure 3 . A synergistic interaction exists between tsc1a and ift genes. Subphenotypic doses of AUG morpholinos to tsc1a and either ift81 (A) or ift172 (B) were co-injected into 1-cell, wild-type embryos or injected individually. The coinjected embryos display a dramatic increase in the frequency of kidney cysts compared with those injected with a single morpholino (see bar graph, C) ( Ã P , 0.01, ÃÃ P , 0.02). mph, morphants.
( Fig. 5A ). Because the reduction in IRS1 levels was moderate, we quantified the changes using AutoQuant software, and used the b-tubulin bands as controls. The results indicated that IRS1 levels dropped 34 and 44% compared with wild-type in tsc1a and ift172 morphants, respectively. Together, these data demonstrate that ciliary defects can lead to aberrant activation of the TOR pathway.
Rapamycin treatment can partially rescue the phenotypes of ift57 or ift81 mutants
Ectopic activation of the TOR pathway in ift mutants/ morphants suggests that one way to reverse their phenotypes is to inhibit TOR activity. Rapamycin can effectively inhibit TOR in the TORC1 complex in mammals. Therefore, we directly tested rapamycin on ift mutants. The conservation of rapamycin activity in zebrafish has been previously demonstrated (33) . Consistently, by performing a short incubation of wild-type, high stage embryos, through tail bud stage with 500 nM rapamycin, we were able to see a dramatic drop in Pp70S6K to virtually undetectable levels compared with DMSO-treated embryos (Fig. 5B ). For our cyst rescue experiments, we titrated concentrations and incubation periods with rapamycin and found that concentrations above 300 nM were toxic to embryos on 0 dpf, which suggested that a strong inhibition of p70S6K was severely detrimental. For long-term incubation, though, we treated ift57 hi3417 or ift81 hi409 mutants daily with 300 or 200 nM rapamycin (or 1% DMSO as a control) beginning from 30 hpf. On day 5 of development, we took images of treated embryos (Fig. 5C ) and measured the area of cysts and length of fish embryos using Metamorph. We standardized cyst size by dividing cyst area by fish length. Results show that the size of cysts was significantly reduced in embryos treated with rapamycin. The average standardized cyst size for DMSOtreated ift57 hi3417 mutant embryos was 5.78, but only 0.66 for drug-treated embryos (Table 2 ) (P , 0.0005). For ift81 hi409 , the standardized cyst size was 2.58 in DMSOtreated samples, but only 0.25 in drug-treated embryos (Table 2 ) (P , 0.04). However, the curvature of the embryos was not affected by rapamycin treatment (Fig. 5C ). To rule out the possibility that the curvature phenotype is caused by defects earlier in development, we treated embryos with 200 nM rapamycin from 10 hpf, a time point before the lengthening of the trunk. Again, the curvature phenotype was not suppressed by rapamycin treatment (data not shown), suggesting that rapamycin can only partially rescue ift mutants.
Ciliary length is increased in tsc1a morphants
As tsc1a morphants show almost identical phenotypes as ift mutants and as the functions of ift genes are thought to be exclusively cilia-related, we analyzed the formation of the cilium in tsc1a morphants. We fixed tsc1a morphants at 20 hpf and labeled the basal body with anti-g tubulin and cilia with an antibody to a ciliary protein, Scorpion/Arl13b (47) . We first examined cilia in the pronephric duct. In wildtype embryos, the average length of cilia is 7.4 mm (Fig. 6A and E), consistent with previously published results (18) . Intriguingly, cilia in tsc1a morphants can reach 12.4 mm on average ( Fig. 6B and E) . As cilia in the pronephric duct tend to bundle with each other and thus complicate the measurement of cilia length, we further measured cilia length in otic vesicles. Here, we found that the cilia length in uninjected control embryos measured 1.8 mm (Fig. 6C and E) , whereas those in tsc1a embryos averaged 3.1 mm (Fig. 6D and E) , suggesting that disrupted cilia length control is systemic in tsc1a morphant embryos. The bar graph in Figure 6E summarizes these results. It has been previously demonstrated that lack of ciliary beating in the zebrafish pronephric duct can lead to the formation of kidney cysts (18) . Therefore, we analyzed the motility of cilia in the ducts of tsc1a morphant 
(B) Rapamycin function is conserved in zebrafish. Western blots against
Pp70S6K and p70S6K as control, on lysates of wild-type embryos treated with 500 nM rapamycin in 1% DMSO or 1% DMSO alone from high to tail bud stages. The Pp70S6K signal is absent in the rapamycin-treated sample, suggesting that rapamycin suppressed TOR activity. (C) Rapamycin restricts the pronephric cyst size in ift mutant embryos. ift81 or ift57 embryos were incubated with 200 or 300 nM rapamycin, respectively, or 1% DMSO as a control, beginning 30 hpf. The DMSO-treated embryos developed large pronephric cysts by day 5; however, cysts were often not visible or were greatly reduced in size in rapamycin-treated embryos.
embryos using Metamorph. In the anterior ducts of wild-type, day 3 embryos, we measured average ciliary beating at 42.5+11.1 beats/s (n ¼ 5), which is in agreement with previous reports (Supplementary Material, Movie S1) (18) . We also observed that the anterior pronephric duct cilia found in similar staged tsc1a morphant embryos beat at an average rate of 49+11.8 beats/s (n ¼ 3) (Supplementary Material, Movie S2), with no significant difference (P ¼ 0.40, see bar graph, Fig. 6F ). Therefore, knock down of tsc1a does not severely affect frequency of cilia beating.
DISCUSSION
The cilium affects the Tor pathway upstream from S6K
The critical role of the cilium in kidney cyst formation, together with the observation of kidney cyst formation in TSC patients and rodent models, prompted us to ask whether there is a functional connection between the cilium and Tsc genes. Literature on this question is limited yet intriguing. In both Tsc1 and Tsc2 heterozygous mice (Tsc1þ/2, or Tsc2þ/2), the most prominent phenotype is renal and extrarenal tumors (28, 29) . However, homozygous mutants for either Tsc1 or Tsc2 die around embryonic day 10.5 with an open neural tube (28, 29) , the same phenotype seen in multiple ciliary mutants in the mouse (8) .
In this study, we provided phenotypic, genetic and biochemical evidence to support the existence of such a functional link between the cilium and the TSC/TOR pathway. We observed that knockdown of tsc1a in zebrafish leads to body curvature, kidney cyst formation and defects in establishing left -right asymmetry of the body plan, phenotypes characteristic of ciliary mutants. We additionally observed that partial knockdown of tsc1a and ift genes synergized with each other, supporting common functions for tsc1a and ift genes. Our findings that phosphorylated p70S6K is elevated Figure 6 . Cilia are longer than normal in the otic vesicles and pronephric ducts of tsc1a morphants. Cilia and basal bodies within embryos from 1 dpf (A and B) or 20-somite (C and D) stages were fluorescently labeled using antibodies against Scorpion (Arl13b), a ciliary protein and g-tubulin. Confocal Z-series were captured using a Zeiss LSM 510 Meta. The LSM Image Browser software was used to measure ciliary length from the basal body to the distal tip [see bar graph in (E) for results]. Cilia from the pronephric ducts of wild-type embryos average 7.4 mm, whereas those in the kidneys of Tsc1a embryos average 12.4 mm long ( Ã P , 0.0003). (B) Average cilia length within the otic vesicles of wild-type embryos was measured at 1.8 mm; however, otic vesicle cilia averaged 3.1 mm ( ÃÃ P , 0.01) after knock down of Tsc1a. (F) Cilia in the pronephric ducts of tsc1a embryos beat at a rate similar to those in WT ducts. Bar graph illustrating the average beats/second for cilia in the pronephric ducts of WT (42.5, n ¼ 5) and tsc1a morphant (49, n ¼ 3) embryos. The difference is not statistically significant (P ¼ 0.4). WT, wild type; tsc1a, tsc1a morphant. in tsc1a and ift morphants and that the TOR inhibitor rapamycin can inhibit cyst formation in ift mutants suggest that ciliary signals feed into the TOR pathway upstream of p70S6K.
Our results are also in agreement with previous studies, suggesting a connection between the TOR pathway and PKD. It was shown that the TOR pathway is inappropriately activated in cyst-lining epithelial cells and that rapamycin treatment may be able to reduce the size of polycystic kidneys in mouse models (30) .
The molecular nature of the connection between the mTOR pathway and PKD is controversial. For example, it was shown in a tissue culture study that TSC2 is required for the proper membrane localization of PKD1 (31) , suggesting that PKD1 functions downstream of TSC2. It was also reported that the cytoplasmic tail of PKD1 binds to TSC2 and mTOR and can retarget TSC2 and mTOR to the Gogli apparatus (30), putting PKD1 upstream of TSC2 and mTOR. Future challenges will be to clarify the molecular connection between the cilium and the TOR pathway, especially to determine how and at which step within the TOR pathway a ciliary signal is incorporated.
TSC genes and trafficking
In this study, we show that Tsc1a is associated with the Golgi complex both at the blastula stage and in differentiated kidney epithelial cells, raising the interesting possibility that one aspect of Tsc1a function is controlling protein trafficking from the Golgi, which in turn mediates the signal from the cilium. Indeed, although the best-known function of the TSC complex is to restrain the activity of mTOR through Rheb, a less well-appreciated area is a potential role of Tsc1 and Tsc2 in protein trafficking. In fission yeast, both TSC1 and TSC2 are required for the proper targeting of an amino acid permease to the plasma membrane (48) . In mammalian cells, the TSC complex was reported to be involved in post-Golgi transport of VSVG and caveolin-1 (49) . In Tsc22/2 cells, caveolin-1 becomes restricted to cytoplasmic vesicles and treatment with rapamycin can restore its localization to the plasma membrane (49) . Interestingly, the trafficking of PKD1 to the cell membrane was reported to require functional TSC2 in cultured cells (31) . Various subcellular localization patterns have been reported for TSC1 and TSC2 (49 -54) . Some of the patterns are consistent with a trafficking role. For example, TSC2 has been shown to be a component of lipid rafts (49) . In addition, both proteins were reported to be in vesicular structures in the cytosol (50, 51) . Furthermore, over-expression of a membrane-tethered N-terminal region of PKD1 was shown to retarget TSC2 from the cytosol to the Golgi (30) . The relationship between TSC and IFT may involve trafficking as well because IFT20 is known to shuttle between the Golgi and cilium and is believed to help deliver ciliary membrane proteins such as polycystin-2 to the cilium (55).
Tsc1 and cilia length control
In this study, we show that knockdown of tsc1a in zebrafish leads to phenotypes seen in ift mutants. As IFT genes are essential for cilia biogenesis, tsc1a could be involved in cilia formation. Surprisingly, cilia are elongated in tsc1a morphants. The length of cilia in different tissues is diverse yet stereotypic. For example, cilia in the zebrafish pronephric duct range from 7 to 9 mm long, whereas cilia in the zebrafish spinal canal are around 2 mm long (18) . Genetic screens in Chlamydomonas yielded four long-flagella mutants (lf1-4) (56 -59). Two of the LF genes encode kinases (57, 58) , suggesting that a potential signaling cascade is involved in cilia length control. Long cilia have also been found in the jck/Nek8 mouse that develops PKD (60, 61) . Intriguingly, treatment of Chlamydomonas with the GSK3 inhibitor lithium can induce flagellar elongation (59), pointing to a possible role of the Wnt pathway in ciliary length control. This result is particularly interesting in light of recent findings that genes involved in ciliary functions also regulate Wnt pathways (5, 10, 62, 63) . Alternatively, regulation of cilia length by GSK3 may occur independent of the Wnt pathway. For example, it has been previously demonstrated that in the absence of TSC1 or TSC2, p70S6K can directly inhibit GSK3 through phosphorylation (64) . Exactly how this inhibition would lead to long cilia is still unclear; however, the defect in ciliary length may represent a global misregulation of microtubule growth as has been previously suggested (59) , because TSC22/2 cells grow elongated microtubules that fail to halt at the cell cortex. Interestingly, this defect can be rescued by the reduction of the microtubule tip-binding protein CLIP-170 or by rapamycin treatment (65) .
Our result that cilia are abnormally long in tsc1a morphants implicates the TOR pathway in size control of this organelle. It is possible that a feedback mechanism downstream of the cilium plays a role in regulating cilia length. For example, signaling activity by the cilium may serve as an indicator for the cilia assembly/maintenance machinery that a functional cilium has formed and thus downregulates this machinery. In this model, Tsc1a regulates cilia length indirectly by functioning downstream of the cilium. Consistently, a recent study in Caenorhabditis elegans sensory neurons demonstrates that the structure of the cilium is remodeled in response to abnormal levels of sensory activity (66) . Currently, although multiple players have been identified for cilia length control, how these players function to achieve this control remains unclear.
MATERIALS AND METHODS
Fish strains and husbandry
Zebrafish were raised and maintained by standard protocols (67) . Wild-type embryos were derived from crosses of Tab 5 or Tab 14 adult fish. Mutant embryos were generated from heterozygous crosses. 0 6x His tags. Over-produced proteins were purified on amylose columns and used as antigens to generate polyclonal antisera TSC1-1 and TSC1-2, respectively.
Constructs, morpholinos and mRNAs
Morpholino and mRNA injections
About 0.125-0.500 pmol of translational start site blocking morpholinos or 50-100 ng in vitro synthesized mRNAs were injected into embryos at the 1 -4-cell stage. Embryos developed at 28.58C in embryo medium (5 mM NaCl, 0.2 mM KCl, 0.3 mM CaCl 2 , 0.7 mM MgSO 4 , 1Â10
25 % methylene blue).
Preparation of embryo lysates and western blots
Embryo lysates were prepared with 24 -48 hpf embryos as previously described (68) with minor modifications. Prepared samples were loaded onto 4 -20% Tris -HCl mini gradient gels (BioRad), then transferred to nitrocellulose. Immunoblots were carried out using Tris-buffered saline (TBS), pH 7.4, 5% milk, 0.1% Tween 20 for primary and secondary antibodies. After a final wash in TBS, 0.5% Triton X-100, blots were incubated in Western Lightning Chemiluminescence Plus (PerkinElmer LAS, Inc.) and exposed to film.
Antibodies
Antibodies used include TSC1-1 and TSC1-2 polyclonal antibodies (Sigma-Genosys); anti-Scorpion polyclonal antibody (Covance); BD Biosciences: gm130, anti-IRS-1 and anti-p70 S6K; Cell Signaling: anti-Phospho-p70 S6 Kinase (Thr389) and Sigma: anti-b tubulin Clone 2.1, anti-acetylated a-tubulin. Secondary antibodies are from Jackson Immuno Research Labs and Invitrogen/Molecular Probes.
Quantification of Western blots
X-ray films were scanned at 300 dpi and then analyzed using AutoQuant software, version X1.4.1 (Media Cybernetics). Values for each sample were normalized through background subtraction and then divided by the value for the corresponding b-tubulin band.
Statistical analysis
P-values were derived from the Student's t-test using Microsoft Excel.
Electron microscopy
Forty-eight hpf embryos were fixed with Karnovsky fixative for 1 h at 48C, washed with 0.1 M sodium cacodylate, pH 7.4, then post-fixed with Palade's osmium for 1 h at 48C, shielded from light. Following a second wash, embryos were stained with Kellenburger's solution for 1 h at RT, washed in double distilled water, then put through an ethanol series, propylene oxide, 50/50 propylene oxide/epon, then two incubations in 100% epon. Embedded embryos were sectioned at 400 nm before staining with 2% uranyl acetate. Micrographs were taken on a Zeiss 910 electron microscope.
Whole-mount immunostaining
Embryos at various time points were fixed in either formalin or Dent's fixative (80% methanol and 20% DMSO). Formalinfixed samples were permeabilized in ice cold acetone. Embryos were blocked with 10% fetal bovine serum in phosphate-buffered saline, 0.1% Tween-20 (PBT) before incubation with primary antibodies in blocking solution. Before and after secondary antibody incubation, embryos were washed extensively with PBT. Embryos were deyolked and then mounted using Vectashield mounting medium (Vector Laboratories) or Prolong Gold (Invitrogen/Molecular Probes). Images were captured using a Zeiss 510 Meta confocal microscope or a Zeiss Axioplan microscope and processed using Photoshop.
High-speed videomicroscopy
A previously published protocol was followed (18) with minor modifications. Embryos were incubated in 75 mM phenylthiourea in embryo medium starting on day 1. On day 3, embryos were mounted in 6% methylcellulose containing 50 mM 2,3-butanedione monoxime and 0.02% tricaine. Cilia beating was recorded using a 20Â/0.4 DIC lens on a Nikon Eclipse TE2000-U microscope equipped with a Nikon Photometrics Coolsnap HQ camera under stream acquisition at 200 frames/s for 1 s, analyzed and converted into an avi format using Metamorph v8.1.2.0. Movies are played at 10 frames/s.
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